Extensive chemical and immunological studies have characterized the Group: A streptococcal cell wall as composed of four major components: M protein (and related T and R antigens), group-specific polysaccharide, mucopeptide (or peptidoglycan), and glycerol teichoic acid (1, 2). These cell wall constituents, along with an external capsule and an underlying protoplast membrane, are important in determining the relationships between Group A streptococci and their human hosts (3). Our aim is to define the morphology and location of each of the major components of the streptococcal cell wall. We have previously reported the presence of fimbriae that are located on the exterior of streptococci and are associated with M antigen (4).
Group A streptococci were purified by adsorption with isolated Group A streptococcal cell walls, elution with 10% wt/vol N-acetylglucosamine in phosphate-buffered saline, and extensive dialysis to remove the hapten (11) . This purified antibody preparation was conjugated with ferritin (Miles Laboratories, Inc., Kankakee, Ill.) ~ or with horseradish peroxidase (Worthington Biochemical Corp., Freehold, N. J.). Peroxidase conjugation to antibodies was carried out with glutaraldehyde as described by Avrameas (12) .
Incubation of Streptococci or Cell Walls with Conjugated Antibodies.--Staining of Group
A and Group A-variant streptococci with ferritin-conjugated antibodies was carried out by suspending a washed pellet (approx. 5 rag) of streptococci in 0.2 ml of the ferritin-conjugated antibody preparation (protein concentration 20-25 mg/ml) in 0.04 M phosphate buffer, pH 7.0, and incubating this mixture at 4°C for ~ h. The bacteria were then washed six times with 0.04 M phosphate buffer, pH 7.0, after which they were fixed for electron microscopy.
Cell wall whole mounts were labeled with ferritin-conjugated antibodies according to the method of Nicolson (13) by placing a drop of suspended isolated cell walls on collodioncovered carbon-coated grids that had been additionally coated with 4% albumin and airdried. The excess fluid of the specimen was removed with filter paper after which the grid was washed in several drops of 0.04 M phosphate buffer and was placed on a drop of the ferritin-conjugated antibody After floating the grid on the antibody solution for 5 rain it was washed three times on drops of phosphate buffer and was placed on a drop of 2% osmium tetroxide for 2 rain. After an additional wash with distilled water the grid was examined by electron microscopy.
Incubation of streptococci or streptococcal cell walls with horseradish peroxidase-conjugated Group A polysaccharide antibodies was under conditions of antibody concentration, time, and temperature similar to those described for ferritin-conjugated antibodies. Peroxidaseconjugated antibody-stained streptococci were then washed three to four times with 0.04 M phosphate buffer and were fixed with 20/o glutaraldehyde in 0.1 M sodium cacody]ate and left overnight at 4°C. After washing both in 0.1 M sodium cacodylate and in 0.05 M Tris HCI, pH 7.0, which had been chilled in ice, the cells were suspended in 5 ml of a reaction mixture containing 3,3tdiaminobenzidine tetrahydrochloride (1 or 0.1 mg/ml) (Sigma Chemical Co., St. Louis, Mo.) and hydrogen peroxide (0.01%) in 0.05 M Tris HC1, pH 7.0. The color development reaction was carried out in an ice bath for 5 rain after which the streptococci were sedimented in a refrigerated centrifuge. They were washed several times with cold 0.1 M cacodylate, fixed in osmium-contalning fixative, and processed for thin-sectioning and electron microscope examination as previously described (4).
Electron Microscopy.--Thin sections and whole mount specimens were examined with either an AEI EM801 (AEI Scientific Apparatus, Inc., Elmsford, N. Y.) or a Siemens 1A (Siemens Corp., Iselin, N.J.) microscope.
RESULTS

Cell Wall Morphology after Conventional Preparation.-Intact Group A and Group A-variant streptococci:
The morphological characteristics of intact Group A streptococci and, specifically, of their cell walls have been presented previously (4, 14) . If M and R proteins are absent, the streptococcal cell wall has a smooth exterior and is comprised of two distinct laminae ( Fig. 1 a and b) . The outer layer exhibits moderate or intermediate electron opacity, is 120-150 .~ thick, and accounts for roughly 60-80% of the total thickness of the wall (200-220 ~_). The inner lamina, by contrast, is extremely electron-opaque and occupies the remainder of the cell wall. This electron-dense layer of the cell wall is not morphologically separated from the outer dense lamina of the trilaminar protoplast membrane of intact, untreated organisms ( Fig. 1 b) . "Flaps" of cell wall material are occasionally found near the equators of Group A streptococci viewed in thin sections ( Fig. 1 a and b) . These flaps are composed entirely of the outer, moderately electron-opaque layer and are analogous to the defects in cell wall continuity that mark points of new wall growth of Group D streptococci (15) . No differences were noted in the lamination, thickness, or other morphological characteristics of Group A-variant streptococcal cell walls (not shown) when compared with walls of typical Group A organisms.
Isolated cell walls:
Isolated cell walls conform to the general shape of the streptococcus. This is seen most clearly with cell walls isolated from opaque colony variants (Fig. 2 ) whose cell forms have been studied previously (16) . The thickness and the presence of only moderately electron-opaque material in the isolated wall suggest that it corresponds to the outer lamina of the intact streptococcal cell wall. Except with walls of opaque variants, inner and outer aspects of isolated walls are usually indistinguishable. At times invaginations corresponding to grooves on the streptococcus at its equator aid in determining outside from inside of the wall, but frequent discontinuities in the wall reduce the usefulness of this feature in distinguishing wall exterior and interior.
Cell Wall Morphology after Extraction of Group-Specific Carbohydrate.--The
effects of formamide and hydrochloric acid extraction of Group A polysaccharide on the morphology of streptococcal cell walls have been demonstrated by Glick et al. (14) and our findings are similar to theirs.
Extraction of group-specific polysaccharide from intact, unfixed streptococci by the gentle nitrous acid method produces a reduction in thickness of the outer moderately electron-opaque lamina and complete loss of the inner, extremely electron-opaque layer (Fig. 3 a and b) . The former corresponds in magnitude to reduction in thickness of the isolated cell wall by similar extraction as noted below. The latter is due to loss of glycerol teichoic acid from the wall? Removal Flo. 2. ~fhe general shape of streptococci from opaque colony variants is retained in isoiated cell walls from these organisms. The cell walls in these preparations are moderately electrcn-cpaclue structures with no visible lamination. X 70,000.
of Group A-specific polysaccharide is accompanied by 40-50 % reduction in the thickness of the isolated streptococcal cell wall (Fig. 4 a-c) . As Ferritin particles stain both the convex surface and the entire exposed surface of cell wall flaps on these Group A streptococci. Ferritin particles do not impinge directly on the surface of the wall; rather an electron-lucent space of 80--100 fit is consistently present between ferritin particles and the outermost surface of the wall (Fig. 6 a) . No ferritin particles have been detected within the substance of the cell wall nor in the interiors of intact streptococci.
Distribution of Horseradish Peroxidase-Conjugated Group-Specific A ntibodies.--
Under proper conditions the size of electron-dense horseradish reaction product allows visualization of antibody location equivalent to or better than that obtained with ferritin-conjugated antibodies. Published conditions (17) for development of visible product (diaminobenzidine concentration 1 mg/ml) result in an extremely large, globular electron-opaque product whose size is not suitable for determining the location of antibodies directed against surface antigens (Fig. 7) . However, a small (60-80 fit diameter) finely granular product can be developed by using the more dilute diamino benzidine mixture (0.01 mg/ml) and incubation in the cold as described in Materials and Methods. Under the latter conditions Group A streptococci are coated by small dimension electron-opaque markers whose distribution on these homologous organisms ( Fig. 8 ) and on Group A-variant organisms (not illustrated) is similar to that of ferritin-conjugated antibodies. Of interest is a consistent electron-lucent space between the electron-opaque peroxidase product and the exterior of the cell wall (Fig. 8) .
Isolated Group A streptococcal cell walls that have been incubated in horseradish peroxidase-conjugated Group A antibodies are coated on both sides (inside and outside) by the electron-opaque reaction product (Fig. 9 a-c) . No product was found in apposition to isolated walls of Group A-variant streptococci (not shown) incubated under identical conditions with the peroxidase-conjugated Group A antibodies. As noted earlier, the morphology of conventionally prepared isolated cell walls does not usually allow differentiation of inside from 250 outside. The distribution of horseradish peroxidase product on the two sides of the wall is such that this outside vs. inside differentiation is possible. The electron-opaque product on one side of the wall is separated from the wall surface by an electron-lucent space (Fig. 9 a-c) identical with that seen between the external surfaces of intact streptococci and the peroxidase product (Fig. 8) . This side of the isolated cell wall (CWe, Fig. 9 ), therefore, is the exterior surface. On the other or inner side of the wall the peroxidase produce (CW~, Fig. 9 ) is not separated from the wall by a discernible electron-lucent space. Isolated cell walls were also incubated with ferritin-conjugated Group A antibodies and showed the same general pattern of staining as illustrated with peroxidase-conjugated antibodies. For reasons that are unclear, ferritin particles did not stain the inside of the isolated cell wall as readily as did the peroxidase-conjugated antibody product. The difference may be due to the larger size of the ferritin particle as compared with the peroxidase molecule before color development.
DISCUSSION
Numerous chemical and immunological studies have contributed toward understanding the composition and structure of the Group A streptococcal cell wall. Much of this information has been summarized by McCarty (1, 3) and by Krause (2) . The latter author has diagrammatically depicted the organization of major components (except teichoic acid) in the hemolytic streptococcal cell wall on the basis of immunochemical data. That depiction includes Group A carbohydrate (GR A CHO) disposed as a discrete band of material located external to mucopeptide (peptidoglycan) and internal to protein (M, T, R) antigens.
Evidence for the external position of the GR A CHO in the cell wall can be derived from experiments utilizing anti-GR A CHO antibodies and intact Group A streptococci. Inasmuch as these organisms are agglutinated by such antibodies, it can be assumed that at least a fraction of the GR A CHO antigenic sites are exposed on the surfaces of Group A streptococci. The fact that some GR A CHO antigenic sites are thus exposed on the exterior of the organisms does not, however, offer information on the precise arrangement of the GR A CHO in relation to other constituents (eg. peptidoglycan), which together comprise the wall. The two arrangements that seem most likely alternatives are as follows: (a) discrete bands each composed of a single wall constituent and (Fig. 3 a) with nitrous acid-extracted (Fig.  3 b) streptococci reveals two major differences in their walls; the inner intensely electronopaque lamina has been lost, and the thickness of the outer, moderately electron-dense lamina is reduced (compare thicknesses between arrows in Fig. 3 a and b) . (a and b) X 125,000.
FIG. 3. Comparison of unextracted controls
FIG. 4. Isolated cell walls are compared as to thickness before extraction (Fig. 4 a) and after extraction of group-specific polysaccharide either with nitrous acid (Fig. 4 b) or with formamlde (Fig. 4 c) . The thickness of the wall is reduced 40-50% by extraction with either agent. (a-c) X 168,000. 252 layered concentrically on one another to form the wall, and (b) a mosaic wall structure in which the various constituents are radially arranged such that more than one type of component is exposed either on the external or internal surface of the cell wall. The latter type of structure would be somewhat analogous to recent concepts on the mosaic form of biological membranes (18) . Our studies lead us to the conclusion that the former alternative is correct and that the GR A CHO is located as a discrete outer lamina, which is solely responsible for the composition of the external surface of Group A streptococci devoid of protein antigens. This concept is similar to that of Krause's and is based on the followiIag considerations.
The intensely electron-opaque lamina, located immediately outside the protoplasmic membrane, is found only in intact organisms, is absent from isolated cell walls, and can be partially removed by extraction of organisms with dilute acetate buffer solution? These morphological observations along with the lamina's intense uranyl and lead staining property, characteristic of materials containing abundant phosphate groups, suggest that this layer represents the glycerol teichoic acid component of Group A streptococci. Because this intensely staining lamina is not present in isolated cell walls, one can eliminate it as representing GR A CHO.
Cell walls isolated from Group A streptococci lacking protein antigens consist of two known components: peptidoglycan and GR A CHO (2). These walls constituents are probably not distinguishable by virtue of differing morphological features because they have similar electron densities after conventional preparation for electron microscopy. Removal of GR A CHO by acid or formamide leads, as expected, to a reduction in cell wall thickness as shown by Glick et al. (14) and as confirmed by our study. This reduction in thickness might result from removal either of a lamina of GR A CHO or, alternatively, of GR A CHO from a mosaic with subsequent "collapse" in the remainder of the mosaic and resultant thinning of the wall. The extraction data, then, is not helpful in differentiating between the laminar and mosaic alternatives.
Both ferritin-and horseradish peroxidase-conjugated GR A CHO antibodies uniformly stain the exteriors of homologous streptococci. A mosaic pattern of distribution of GR A CHO would yield a patchy distribution of GR A CHO antigenic sites on the streptococcal surface and should produce electron-opaque FIG. 5. Isolated cell walls were mounted on grids and stained with ferritin-conjugated anti-Group A polysaccharide antibodies. Group A-variant cell walls (Fig. 5 a) show little binding of ferritin particles, whereas Group A cell walls (Fig. 5 b) are heavily stained with ferrifin. No geometric pattern of the bound ferritin particles is apparent. (a and b) X 50,000.
FIG. 6. Group A streptococci (Fig. 6 a and c ) are heavily stained with ferritin, whereas Group A-variant streptococci (Fig. 6 b) have little attached ferritin after incubation of the organisms with ferritin-conjugated Group A antiserum and thin-sectioning. Note the staining of the entire perimeter of "new" cell wall flaps seen in Fig. 6 c. Also note the electron-lucent space (arrow) seen between ferritin particles and the exterior surface of the walls on Group A streptococci (Fig. 6 a) . (a) X 125,000; (b and c) X 50,000. markers in a patchy distribution after incubation of the organisms with conjugated GR A CHO antibodies. On the other hand, the size of the electronopaque markers might sterically prevent staining of each GR A CHO antigenic group; therefore, the markers might not resolve antigenic sites whose size is small relative to the size of the markers and that exist in small patches. For this reason the uniform staining of streptococcal and streptococcal cell wall surfaces by the electron-opaque markers, per se, does not militate against existence of GR A CHO in a mosaic distribution pattern.
Both ferritin-and horseradish peroxidase-conjugated GR A CHO antibodies stain the exteriors of Group A streptococci. Both types of conjugated antibodies fail to penetrate the cell wall of Group A streptococci; hence, no electron markers are found within the cytoplasm of the organism or within the substance of the cell wall. Our initial experiments utilized ferritin-conjugated antibodies. When no ferritin staining appeared in the substance of the cell wall, we turned to horseradish peroxidase as the marker in the hope that this conjugate would penetrate into the wall by virtue of its smaller size and would allow visualization of GR A CHO within the streptococcal cell wall. Intramural localization of electron-opaque horseradish peroxidase product was never obtained. In fact, fine structural localization of horseradish peroxidase-conjugated GR A CHO (HP-GR A CHO) was hampered by the excessive size of the electron-opaque product after development by published methods (17) . The accessibility of the enzymatic constituent of the HP-GR A CHO antibodies bound to surface antigens necessitates careful control of the development of product to obtain a marker that approximates ferritin in size and electron microscope resolution. Solution of this technical problem provided a major bit of evidence relative to the distribution of GR A CHO in the streptococcal cell wall, as discussed below.
Both ferritin-and peroxidase-conjugated GR A CHO antibodies stain streptococci such that a 80-90 A electron-lucent space is present between the electron-opaque marker and the visible exterior surface of the cell wall. After expo-FIG. 7. Use of horseradish peroxidase-conjugated antibodies and development of electronopaque product may lead to globular deposits (p) on either side of the wail with dimensions equal to or exceeding the thickness of the isolated cell walls (cw).)< 80,000.
FIG. 8. Under carefully controlled conditions, the electron-opaque product (p) obtained after labeling whole Group A streptococci with horseradish peroxidase-conjugated Group A antibodies is nearly identical with the dimensions of ferritin molecules used in other conjugated antibody studies (see Fig. 6 ). Note the electron-lucent space between the electronopaque product and the exterior of the cell wall (arrows). X 80,000.
Fro. 9. Isolated cell walls exposed to horseradish peroxidase-conjugated Group A antibodies are coated on both sides by a fine electron-opaque marker. Note the electron-lucent space (arrows) between marker product (p) and wall surface on one side of the wall (CWe), which is similar to that seen between marker and the exterior of walls of intact streptococci (see Fig. 8 ). However, the inner surface (CWi , Fig. 9 c) is coated by peroxidase marker and is not separated from the peroxidase product by an electron-lucent space. (a and b) X 80,000; (c) X 160,000. sure of isolated Group A cell walls to HP-GR A CHO antibodies, the peroxidase product coats both sides (inside and outside) but an electron-lucent space between enzyme product and wall is visible only on one surface. This surface, through comparison with results on intact organisms, is clearly the exterior of the wall. The other, internal surface of the cell wall is not separated from the electron-opaque marker by a space. Three hypotheses may be proposed to exphdn this clear difference in staining of the two surfaces of the isolated cell walls. First, an electron microscopically invisible material may' coat the exterior of the cell wall to yield the apparent space between marker and wall exterior. The chemical studies done to date yield no evidence for the presence of such a material; however, we know of no extant morphological method for refuting the hypothesis. Second, the horseradish peroxidase itself or the peroxidase portion of the conjugate may bind through a nonimmunological mechanism to the inner surface of the wall to produce the staining pattern seen with isolated Group A cell walls. This possibility' is excluded by our finding that Group A-variant walls do not stain on either surface with the HP-GR A CHO antibodies. This appears to exclude a non-antigen-antibody mechanism for the observed patterns of staining.
The third hypothesis is depicted diagrammatically in Fig. 10 and is the one we favor. The eccentric distribution of horseradish peroxidase product is visualized as being due to binding of H P -G R A CHO antibodies to GR A CHO antigenic sites that are exposed on the exterior of the wall and are buried within the substance of the wall relative to its inner surface. The electron-lucent space is produced bv the segment of the conjugated antibodies between the antigen-binding site and the site at which horseradish peroxidase is conjugated to the antibody. This space is found only on the exterior because antibodies attach to the surfacelocated GR A CHO antigenic sites on this surface, extend radially, and are visualized at their opposite ends that are linked to pcroxidase. On the inner surface of the cell wall, the antigen-binding site of the conjugated antibody IqG. 10. The pattern of staining of isolated Group A streptococcal cell walls hy peroxidase-conjugated Group A antibodies is diagramed both as it is observed (left) and interpreted (rigttt). The observed pattern of staining corresponds to that shown in micrographs of Fig. 9 , and the interpretation of this pattern is discussed in the text.
intrudes into the substance of the wall to combine with the GR A CHO lamina. The opposite, horseradish peroxidase-bearing end of the antibody is visualized immediately inside the inner surface of the cell wall. The portion of the conjugated antibody that contributes to the electron-lucent space on the exterior of the wall, therefore, fails to produce a similar region of electron lucency on the wall's interior surface as it is within the moderately electron cell wall. This explanation of our finding supports the distribution of GR A CHO as a discrete lamina located on the external surface of the Group A streptococcal cell wall, SUMMARY The location of Group A carbohydrate in the streptococcal cell wall has been studied by several ultrastructural techniques. The findings, based largely on use of ferritin-and horseradish peroxidase-conjugated antibodies, are interpreted as demonstrating a discrete laminar distribution of the group-specific polysaccharide. This carbohydrate layer is located on the outermost surface of the cell wall in organisms lacking protein cell wall antigens.
